Genome-wide DNA rearrangements occur in many eukaryotes but are most exaggerated in ciliates, making them ideal model systems for epigenetic phenomena. During development of the somatic macronucleus, Oxytricha trifallax destroys 95% of its germ line, severely fragmenting its chromosomes, and then unscrambles hundreds of thousands of remaining fragments by permutation or inversion. Here we demonstrate that DNA or RNA templates can orchestrate these genome rearrangements in Oxytricha, supporting an epigenetic model for sequence-dependent comparison between germline and somatic genomes. A complete RNA cache of the maternal somatic genome may be available at a specific stage during development to provide a template for correct and precise DNA rearrangement. We show the existence of maternal RNA templates that could guide DNA assembly, and that disruption of specific RNA molecules disables rearrangement of the corresponding gene. Injection of artificial templates reprogrammes the DNA rearrangement pathway, suggesting that RNA molecules guide genome rearrangement.
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Genome-wide DNA rearrangements occur in many eukaryotes but are most exaggerated in ciliates, making them ideal model systems for epigenetic phenomena. During development of the somatic macronucleus, Oxytricha trifallax destroys 95% of its germ line, severely fragmenting its chromosomes, and then unscrambles hundreds of thousands of remaining fragments by permutation or inversion. Here we demonstrate that DNA or RNA templates can orchestrate these genome rearrangements in Oxytricha, supporting an epigenetic model for sequence-dependent comparison between germline and somatic genomes. A complete RNA cache of the maternal somatic genome may be available at a specific stage during development to provide a template for correct and precise DNA rearrangement. We show the existence of maternal RNA templates that could guide DNA assembly, and that disruption of specific RNA molecules disables rearrangement of the corresponding gene. Injection of artificial templates reprogrammes the DNA rearrangement pathway, suggesting that RNA molecules guide genome rearrangement.
Parental RNA transcripts and microRNAs are critical for programming development in metazoa [1] [2] [3] [4] , raising the possibility that altered RNA molecules can reprogramme patterning on a developmental or evolutionary timescale 5 . Despite the suggestion of template-directed events involving ''an ancestral RNA-sequence cache'' 6 there has been limited evidence for a direct role of RNA as a template of information across generations 7, 8 . Information transfer from RNA to DNA usually involves polymerization 9 . Here we show that RNA molecules can also organize DNA rearrangements, expanding the epigenetic influence of RNA beyond gene expression and priming or directing DNA and RNA synthesis, editing, modification or repair [9] [10] [11] . O. trifallax is a unicellular eukaryote harbouring two kinds of nuclei: germline micronuclei and somatic macronuclei. Diploid micronuclei are transcriptionally inert during vegetative growth but they transmit the germline genome through subsequent generations. Effectively polyploid macronuclei provide all vegetative gene expression, but degrade after fertilization, when new micronuclei and macronuclei develop. DNA differentiation in ciliates such as Oxytricha (also called Sterkiella) involves massive chromosome fragmentation and deletion of transposons and internally eliminated sequences (IESs), accomplishing 95% genome reduction, compressing a 1 Gb germline into one-twentieth of the space. Rearrangement of the remaining short segments (macronuclear destined segments; MDSs) by permutation or inversion, followed by telomere addition and amplification, produces mature macronuclear 'nanochromosomes', typically ,2 kb with just one gene 12 . Genome-wide rearrangements discard nearly all non-genic DNA in Oxytricha, packing a streamlined gene-rich (,30,000 genes) eukaryotic genome in only 50 Mb. Furthermore, hundreds of thousands of MDSs require unscrambling (reordering or inversion) to interpret the sequence information in their DNA. The remarkable degree of specificity and reproducibility suggests a highly accurate mechanism to programme rearrangements. The parental cell must provide sufficient information to assemble a fully functional macronucleus. The mechanisms that allow perfect recognition of hundreds of thousands of DNA sequences for elimination or reordering remain largely unknown. The discovery of homology-dependent maternal effects that modify DNA deletions may provide a clue 13, 14 . Homology-dependent trans-nuclear comparison of germline and somatic genomes may regulate these DNA rearrangements. In Tetrahymena, germ-line-specific small RNAs called scan RNAs derive from the micronuclear-limited sequence and target DNA for elimination 15 . However, this model cannot explain fusion of unlinked or disordered DNA segments in Oxytricha, which can join segments smaller than the length of typical scan RNAs. DNA rearrangements in Tetrahymena are imprecise, involving no permutations.
In other species including Paramecium, DNA rearrangements occur at short direct repeats called pointers. Homologous recombination between identical repeats at MDS-IES boundaries can both remove the IESs between them and reorder MDSs, leaving one copy of the pointer in the final product. Pointers of 2-20 bp in Oxytricha (average length of 4 bp between nonscrambled junctions and 9 bp between scrambled junctions 16 ) generally occur at the 39 end of every MDS segment n and the 59 end of segment n 1 1, providing a simple linked list of final MDS order. Although necessary for DNA deletion in Paramecium 17 , 2-20 bp pointers could not unambiguously guide rearrangement 18 . In refs 19 and 20, the authors proposed an epigenetic model in which an RNA or DNA template derived from the maternal macronucleus guides assembly of the new macronuclear chromosomes. Macronuclear templates could provide a scaffold to organize the layout of segment order and DNA deletion, using strand displacement and branch migration to align pointer pairs for recombination. Here we demonstrate that RNA templates can orchestrate this cascade of DNA rearrangements in Oxytricha. Injection of synthetic templates replaces the cellular programme, producing alternative epigenetically wired DNA rearrangements. conjugation, were fed Escherichia coli producing double stranded RNA fragments of two macronuclear genes: either telomere-endbinding protein subunit a (TEBPa or a-TBP) or DNA polymerase a (pol-a). The germline versions in O. trifallix are broken into 17 and 48 scrambled segments, respectively 21, 22 . RNA interference against putative RNA templates leads to aberrant (incorrect or completely blocked) gene unscrambling in the resulting progeny (Fig. 1) . PCR screening of TEBPa segments 5-17, after treatment with the RNAi vector spanning segments 2-17 in order, reveals DNA molecules longer than the typical macronuclear product, but shorter than the micronuclear precursor (Fig. 1a, lane  1) . Sequencing revealed these were partially and/or incorrectly rearranged. Some aberrant forms still contain IESs (Fig. 1b , examples 2-5 and 9), with a bias for retention between scrambled segments (black boxes in Fig. 1 ). IESs between non-scrambled segments (red in Fig. 1 ) are usually absent. This suggests different susceptibility between these two kinds of IESs to RNAi treatment, and possibly a mechanistic decoupling, consistent with observations that simple IES removal precedes unscrambling in the actin I gene in the related genus Stylonychia
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. Some permutations (partial descrambling) occurred (Fig. 1b , examples 4-6; molecule 4 could be an unscrambling intermediate), and even large duplications (Fig. 1b , examples 7 and 8) or deletions (Fig. 1b, examples 8-9 ). All deletions occur between short direct repeats that provide alternative (cryptic) pointers for recombination-the type of error that occurs early during rearrangement 23 . RNAi against pol-a leads to almost complete abrogation of DNA elimination or rearrangement (Fig. 1c, lane 2) with no permutations at all, but with several examples of aberrant deletion at cryptic pointers (Fig. 1d, examples 3-7) , including one large deletion between segments 4 and 31 (Fig. 1d, example 7) . Approximately 85% of pol-a molecules surveyed between segments 3 and 31 (the RNAi vector spanned segments [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 80 h post conjugation were identical in size to the germline precursor (Fig. 1c, lane 2, and Fig. 1d , example 2), indicating no rearrangement (which we confirmed by sequencing).
These results provide strong indirect support for an RNA-template model involving intracellular genome comparisons by means of RNA transcripts from the maternal macronucleus. In principle, RNAi would degrade or negatively influence any homologous RNAs (Supplementary Figs 3 and 4) , including templates, yielding aberrant rearrangements of corresponding genes. In our experiments, all aberrant rearrangements are restricted to the targeted gene (that is, pol-a feeding does not influence TEBPa rearrangement and vice versa), suggesting that each macronuclear molecule may have its own RNA template, which acts in a homology-dependent manner.
Early presence of long, bidirectional RNA The RNAi experiments are consistent with the presence during conjugation of double-or single-stranded maternal RNA transcripts from the parental macronucleus. Single-stranded RNA is a reasonable target for RNAi-induced post-transcriptional gene silencing in eukaryotes. If the maternal templates are RNA, then the question arises whether transcription is uni-or bi-directional, and what are the promoters? Normal gene promoters sometimes initiate transcription downstream of the first MDS; however, both 59-and 39-untranscribed regions may be scrambled or interrupted by several IESs. Therefore, messenger RNA templates could not guide complete rearrangement. Another possibility is that telomeres themselves could promote transcription. This may allow unbiased transcription of all nanochromosomes, rather than gene-specific promoters.
Complete transcription could also contribute to Oxytricha's bias for tiny chromosomes with little extraneous DNA. PCR with reverse transcription (RT-PCR) demonstrates the presence of antisense and sense transcripts of macronuclear chromosomes 5-30 h post conjugation (Fig. 2) . These RNA transcripts are longer than messenger RNAs, contain telomeres (complementary DNA synthesis began at the telomere), are absent from vegetative cells, and disappear 55 h post conjugation. The presence of such RNA transcripts during early macronuclear development (estimated between meiosis and the peak of polytene chromosome formation) suggests they are available during DNA rearrangement and could therefore have a role. Figure 2 shows RT-PCR products for three different genes: two scrambled (TEBPa, pol-a) and one non-scrambled (TEBPb or b-TBP); similar results were obtained for two other independent genes (not shown). TEBPa and TEBPb transcripts both retain introns (pol-a has no introns in the surveyed region).
Injection of alternative DNA templates
Together, the detection of sense/antisense transcripts during development plus the RNAi experiments provide support for an RNA-template-based model. To test this model directly, we microinjected synthetic DNA or RNA versions of alternatively rearranged chromosomes into conjugating cells to ask whether this would specify the rearrangement pattern in the offspring.
We designed artificial macronuclear chromosomes to permute the natural order of two DNA segments in both TEBPa (Fig. 3a) and TEBPb (Fig. 3c) . TEBPa is scrambled in the germ line, requiring several DNA permutations to assemble a functional gene during development. TEBPb normally requires only DNA deletion and no permutation (with identical MDS order in both nuclei). We chose these genes to test whether template-directed rearrangements act genome-wide or are specific to scrambled genes.
In two independent experiments, microinjecting the doublestranded, synthetic TEBPa chromosome (labelled 'TEBPa sw78' template in Fig. 3 , where SW indicates switched segment order) into the macronucleus of conjugating pairs of Oxytricha switches the order of segments 7 and 8, and injecting the synthetic TEBPb molecule ('TEBPb sw45' template) switches the order of segments 4 and 5. Each template slightly adjusts segment boundaries ( Supplementary  Fig. 1 ) to recruit existing sequence repeats as alternative pointers at new recombination junctions. Both templates contain single nucleotide substitutions (some creating restriction sites) to distinguish microinjected DNA from processed endogenous genes. Non-injected cells were used as controls. DNA was extracted from progeny one week after microinjection, permitting sufficient asexual growth. Injected cells grew slower than non-injected cells. In both cases, the F 1 progeny contained alternatively rearranged macronuclear chromosomes, following the reprogrammed order (TEBPa sw78 and TEBPb sw45; Fig. 3b, d, e) . In one case, the switched order was even the major product (Fig. 3d, lane 3) .
Restriction mapping ruled out either the presence of microinjected DNA in the harvested cells or extended copying or incorporation of templates during rearrangement (Fig. 3b, lanes 5-8, and Fig. 3d , lanes [17] [18] [19] [20] [21] [22] . (Sequence analysis revealed a few exceptions; see section entitled 'Transfer of nucleotide substitutions'.) For TEBPa, the new junction formed between segments 6 and 8 creates a Tsp509I site, which distinguishes wild-type from switched chromosomes (Fig. 3b,  lanes 1-4) . For TEBPb, the presence of two restriction sites (BbvCI and BsrGI) in MDS4 produces differently sized products in switched versus wild-type molecules (Fig. 3d, lanes 10-15) . In addition, for TEBPb, a simple PCR assay measuring the length from segment 4 to 6 yields a smaller product for switched versus wild-type chromosomes, because MDS5 is missing in the switched PCR product (Fig. 3d, lanes  2-8) . PCR screening was not feasible for TEBPa because segments 7 and 8 are very small, encoding 6 and 10 amino acids, respectively, within the same a helix of the TEBPa protein 24 . We also examined DNA from TEBPb sw45-injected cells two weeks post injection (Fig. 3d, lanes 4-5) . These cells have an increase in the ratio of wild-type to switched chromosomes, possibly owing to a fitness decrease in cells burdened with the altered TEBPb gene. Premature stop codons in the permuted version could produce a severely altered protein or possibly invoke nonsense-mediated mRNA decay (whereas the TEBPa permutation would cause a modest change in helix B of the encoded protein). Thus, we suggest that the use of synthetic templates to reprogramme DNA rearrangement provides a convenient epigenetic tool for reverse genetics in Oxytricha.
To test whether this epigenetic effect transferred to sexual offspring, we induced sexual conjugation by starving TEBPb sw45-injected cells after two weeks of vegetative growth. Conjugating pairs were isolated and grown separately. Asexual progeny of individual pairs are denoted sw-A and sw-B. We detected the alternative rearrangement pattern in putative F 2 progeny (Fig. 3d, lanes 6-8, and Fig. 3e ) and even in some putative F 3 ( Supplementary Fig. 2 ), suggesting stable epigenetic inheritance of this alternative form. In one case (F 2 sw-B) the newly programmed pattern still predominates over wild type.
All PCR and restriction-based conclusions for TEBPa and TEBPb (after one week) were confirmed by sequencing. V  T5  T30 T55  V  T5  T30 T55  V  T5  T30 T55   3 ARTICLES junction between segments 4 and 6 (deleting segment 5), often observed on its own (Fig. 3d, arrowhead in lanes 19 and 20, Injection of alternative RNA templates Because we expect that DNA injected in the previous experiments had the opportunity to be transcribed into RNA, we tested whether RNA injection could reprogramme genome rearrangement directly. We injected synthetic TEBPb RNA templates in both sense and antisense directions in which segments 4 and 5 were permuted (TEBPb sw45 template). Injecting wild-type TEBPb RNA provided a control.
In six independent experiments, we injected sense, antisense and a combination of sense and antisense RNA for both switched and control templates into the cytoplasm of cells during conjugation.
The progeny of cells injected with any combination of RNA in the switched orientation produced macronuclear products in which segments 4 and 5 were permuted, in roughly similar proportion to the wild-type product (Fig. 4, lanes 5-7) . All results were confirmed by sequencing (Supplementary Information).
Although RNA samples were DNase-treated after in vitro transcription and before injection, we tested whether any DNA may have been microinjected and concluded that this was unlikely ( Supplementary Fig. 5 ).
Transfer of nucleotide substitutions
The influence of microinjected templates also extended to different germline alleles of the same gene (Supplementary Information), suggesting that a single sequence can programme the rearrangement pattern of multiple alleles, despite occasional template mismatches. Furthermore, a subset of mutations near pointers occasionally transferred from the synthetic template to rearranged molecules (Supplementary Information). Remarkably, a C-to-T substitution 4 bp from the end of MDS4 in the TEBPb template transferred to all 40 sequenced molecules (DNA-or RNA-injected) that contained the programmed junction between MDS4 and MDS6 (Supplementary Information). We confirmed the absence of an allele or paralogue containing the 'T' nucleotide in O. trifallax strain JRB310 or JRB510 by screening hundreds of JRB310 reads from the Oxytricha genome project, as well as by studying expressed-sequence-tag clones from both strains, sequencing 24 JRB510 PCR clones, and performing BtsCI restriction mapping (not shown). Thus, the source of this T nucleotide is likely to be the template itself, implicating templatedirected DNA repair.
Conclusions
We provide evidence for both the presence of long maternal RNA templates-RNA cached copies of DNA sequences from the previous generation-and the powerful influence of such molecules to guide genome rearrangements, even permuting the order of DNA sequences in vivo (Fig. 5) . In particular, we have shown that microinjection of alternative DNA or RNA templates leads to stable epigenetic inheritance of alternative DNA rearrangement pathways, offering a key informational and regulatory role for RNA in transmitting a genome-rearrangement programme. The templating mechanism seems to be highly accurate, because most alternatively ordered molecules in this study contain precise recombination junctions, instructed by the synthetic template.
Our results are compatible with an earlier result showing that RNA injection in Tetrahymena leads to deletion of homologous sequences during development 25 . The injected RNA might trigger destruction of homologous RNA templates in Tetrahymena, for example, as in our RNAi experiments.
The transfer of some mutations from the template to the rearranged molecule (Supplementary Information) suggests that RNA could be a template for DNA synthesis or repair very close to the pointer, as in template-guided DNA repair 9 . A C-to-T mutation in the template that creates a TA dinucleotide close to a new pointer transferred efficiently to all rearranged molecules, whereas substitutions further away from a pointer transferred infrequently, consistent with local polymerase activity. The RNA-guided DNA rearrangements proposed here are distinct from previous indirect roles for RNA in mediating recombination [26] [27] [28] [29] [30] . The ability of RNA to programme DNA rearrangements suggests new approaches for genome manipulation in vivo, providing a tool for reverse genetics in Oxytricha and possibly in other systems; this also demonstrates an elegant mechanism for RNA-guided recombination that may be widespread, with somatic and evolutionary consequences for genome expression. For example, occasional templating of rearrangements by maternal mRNA could explain the paucity of introns in ciliates 12 , converting them to IESs 31 .
Parental macronucleus 
METHODS SUMMARY
RNAi. Double-stranded RNA feeding was performed using a Paramecium protocol 32 , in which ciliates were fed with live bacteria, supplemented with algae. Silencing plasmids contained 1.5 kb of TEBPa or 1.8 kb of the pol-a macronuclear sequence (Supplementary Information). RT-PCR. First-strand cDNA was synthesized using Superscript III RTS FirstStrand cDNA Synthesis Kit (Invitrogen) with either a telomere-anchor primer (Supplementary Information) or oligo(dT) 20 . Products were amplified for 28-37 cycles with Expand High Fidelity Plus or FastStart High Fidelity PCR Systems (Roche) using a linker primer in combination with gene-specific primers (Supplementary Information). Template design. For TEBPa, we chose to switch the order of MDS7 and MDS8, which code for a region least likely to affect the telomere-binding domain 24 . We used MUMmer 33 to detect repeats within 14 bp of original pointer boundaries, and chose the longest cryptic repeats that would preserve the reading frame. For TEBPb, we switched the order of MDS4 and MDS5, which permitted new pointers to be similar to wild-type pointers. Microinjection of DNA and RNA. Synthetic templates were generated by means of PCR (with point mutations on the primers), followed by restriction digestion, ligating segments in the desired order, and cloning (see Supplementary  Information) . DNA versions were prepared by telomere-to-telomere PCR, and RNA versions of each strand were prepared by in vitro transcription of PCR products between the vector T7 promoter and the telomere on the opposite side. Approximately 5 pl (picoliters) DNA or 10 pl RNA was injected (Narishige IM 300) into the macronucleus or cytoplasm, respectively, of each cell in a mating pair visualized by phase-contrast inverted microscopy (Zeiss, Axiovert 200). Individual exconjugants were observed under the microscope and each cell displayed morphological features characteristic of sexual reproduction in Oxytricha, such as rounded cell shape or a large macronuclear anlagen. Thus, on the basis of cell morphology, the analysed F 2 cells were the progeny of F 1 , and so on.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
